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1993; Kasper et al., 1994b). Two major classes of layer V pyramidal 
neurons have been described. The first class is termed the “thick-
tufted” (or “tall-tufted”) type (TTL5), characterized by a thick-
tufted apical dendrite. Several oblique dendrites emerge from the 
main apical dendrite (i.e., “apical trunk”) before bifurcating at a 
variable distance from the soma to give rise to tuft dendrites, which 
usually branch extensively in layer I. These TTL5 neurons project 
to the superior colliculus, spinal cord, and basal pons and tend to 
discharge bursts of action potentials. The second class is termed the 
“slender untufted” (or “short”) type, which ends without terminal 
tuft dendrites and never fires bursts. This class of neurons projects 
to the ipsilateral hemisphere or to the contralateral hemisphere via 
the corpus callosum (Chagnac-Amitai et al., 1990; Larkman and 
Mason, 1990; Mason and Larkman, 1990; Kim and Connors, 1993; 
Kasper et al., 1994a; Franceschetti et al., 1998; Gao and Zheng, 
2004; Morishima and Kawaguchi, 2006; for a review see Molnar 
and Cheung, 2006).
Functional compartments oF ttl5 neurons
Dendrites of TTL5 cells run through all cortical layers except layer 
VI. Different compartments of the neuron (soma; basal, apical 
trunk, oblique, and tuft dendrites) receive information of various 
sources from different cortical layers. Excitatory and inhibitory 
inputs from local sources are commonly received by the soma and 
introduction
the ttl5 neurons
The pyramidal cell (also termed the principle cell) is the major 
excitatory neuron in all cortical layers except layer I, represent-
ing 70–85% of the total population of neurons in the mammal 
cortex as well as in the hippocampus. Typical pyramidal cells are 
characterized by two distinct dendritic domains emerging from 
the base and ascending from the apex of a soma, which are all 
covered by spines and composed of several short basal dendrites 
and a long apical dendrite. A single axon emerges from the soma, 
projecting toward the white matter while giving off several collateral 
stems that further bifurcate and ramify within the neocortex. With 
few exceptions, pyramidal cells are the only projection neurons of 
the cerebral cortex (Cajal, 1911; Valverde, 1986; for a review see 
DeFelipe and Farinas, 1992) and commonly subdivide according 
to their projection sites. The projection targets of layer V pyramidal 
cells are correlated to their somatodendritic morphologies, pat-
terns of axonal arborization, and/or electrophysiological proper-
ties (Larkman and Mason, 1990; Koester and O’Leary, 1992; Kim 
and Connors, 1993; Kasper et al., 1994a; Franceschetti et al., 1998; 
Gao and Zheng, 2004; Larsen and Callaway, 2006; Morishima and 
Kawaguchi, 2006). Within layer V, pyramidal cells are heterogene-
ous and project either to the ipsilateral hemisphere, the contralat-
eral hemisphere, or to subcortical targets (Wang and McCormick, 
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basal dendrites. Inputs from more distant cortical and thalamic 
projections are typically received by oblique and distal tuft den-
drites (Petreanu et al., 2009; for review see DeFelipe and Farinas, 
1992; Bannister, 2005; Spruston, 2008). Functionally, TTL5 cells 
display at least two major types of regenerative events based on 
different dendritic processes. The first type is called a sodium based 
action potential (Na+-AP) that is initiated close to the soma (i.e., at 
the initial axonal segment) and propagates back into the dendritic 
arbor (the backpropagating AP, bAP; Stuart and Sakmann, 1994; 
Markram et al., 1995). The second type is called a long-lasting 
calcium-mediated depolarizations (Ca2+-AP) that is initially evoked 
in distal regions of an apical dendrite by strong distal synaptic input 
(Amitai et al., 1993; Schiller et al., 1995, 1997; Helmchen et al., 1999) 
or by a summation of input signals from different tuft branches 
(Larkum et al., 2009). A number of studies have shown that a bAP 
can lower the threshold for initiation of a Ca2+-AP, thus enabling 
TTL5 neurons to couple synaptic inputs from different cortical lay-
ers when they coincide within a short time window (Larkum et al., 
1999, 2001; Schaefer et al., 2003; for a review see Spruston, 2008). 
Therefore, the structural compartmentalization enables TTL5 cells 
to operate as coincidence detectors, which appear critical for corti-
cal information processing.
Different compartments of pyramidal cells are preferentially 
targeted by different synaptic inputs. For instance, the soma and 
the axonal initial segment receive only inhibitory γ-aminobutyric 
acid (GABA)-ergic inputs while dendrites receive both excitatory 
and inhibitory inputs. Correspondingly, distinct populations of 
inhibitory interneurons target specific regions of a pyramidal cell 
(Somogyi and Klausberger, 2005; Silberberg and Markram, 2007; 
for review, see DeFelipe and Farinas, 1992; Somogyi et al., 1998). 
Basket cells preferentially target somata, whereas chandelier cells 
usually target axonal initial segments. Such an arrangement would 
further refine the compartmentalization of neurons.
the development oF pyramidal neurons
Cortical layers are formed in an “inside-out” sequence by neuro-
nal migration along radial glial processes. Neurons generated early 
on reside in the deepest layer, whereas cells born later on migrate 
past existing layers to form superficial layers (Miller, 1981; Miller 
and Peters, 1981; Bayer et al., 1991; for reviews see Nadarajah and 
Parnavelas, 2002). Pyramidal cells are produced by mitosis in the 
ventricular germinal zone (between embryonic days E15 and 18 
for layer V pyramidal neurons of rats). Following migration in the 
cortical plate, pyramidal neurons extend an axon toward the ven-
tricle and an apical dendrite toward the pial surface (Miller, 1981; 
Marin-Padilla, 1992). At P1, axons of pyramidal cells in all layers 
have reached the vicinity of most targets (i.e., striatum, thalamus, 
superior colliculus, brainstem, spinal cord, and contralateral cortex; 
Wise et al., 1979; Kasper et al., 1994b). Meanwhile, layer V pyrami-
dal cells already have a few short, almost spine-free, basal dendrites 
and, rarely, a few oblique branches on the apical dendrite. The apical 
dendrite extends to the pial surface and its dendritic branches end 
in growth cones (Wise et al., 1979). Dendrites of cells in all layers 
increase in size and branching complexity over the first postnatal 
week. Basal dendrites develop secondary and tertiary branches and 
additional oblique branches appear on apical trunks. By postnatal 
day 14 (P14), all the pyramidal cells have relatively complex, highly 
branched dendritic trees. Spines also appear on dendrites starting 
from P4 and quickly increase during this period, but are still not as 
dense as those in adult animals. Further growth, finer adjustment 
of dendritic structures and formation of new spines are affected by 
extrinsic influences such as the projection of afferent fibers (Wise 
et al., 1979) and input signals originating from environmental 
stimulations (Butz et al., 2009; Holtmaat and Svoboda, 2009).
The acquisition of mature dendritic morphology may depend on 
the coordination of a number of extracellular factors. For instance, 
the semaphorin 3A (Sema3A) is expressed in a gradient through-
out the developing cortical plate. It is chemorepellent for axons 
(Polleux et al., 1998) and chemoattractive for apical dendrites of 
developing pyramidal neurons (Polleux et al., 2000), making the 
former grow toward the white matter and the latter toward the pial. 
Neurotrophins and their tyrosine kinase receptors, the Trks, also 
play a crucial role in shaping the dendritic arborization (McAllister 
et al., 1995; Yacoubian and Lo, 2000). They are expressed differen-
tially in cortical layers and trigger distinct, independent responses 
in basal and apical dendrites (McAllister et al., 1995, 1997). Some 
endogenous neurotrophins seem to regulate morphogenesis of only 
basal dendrites. Trk isoforms have distinctive effects on the pattern-
ing of different dendritic compartments (Yacoubian and Lo, 2000; 
for review see McFarlane, 2000; Whitford et al., 2002). Levels of 
the Trk isoforms change dramatically during development, which 
may be related to the variation in dendritic growth during different 
developmental stages (Allendoerfer et al., 1994; Fryer et al., 1996; for 
a review see McFarlane, 2000). More interestingly, Notch1 induces 
interactions between neurons by contacting each other, resulting in 
a mutual restriction of the neurite extension (Qi et al., 1999; Sestan 
et al., 1999). Thus, the expression of extracellular factors varies 
depending on the stage of development, the layer location in the 
cortex, and the growth of neighboring neurons, which subsequently 
determine the growth of a pyramidal cell.
Numerous studies have been carried out on the structural plas-
ticity of neurons during development using various techniques. 
These include studies using Golgi staining (Eayrs and Goodhead, 
1959; Wise et al., 1979; Miller, 1981; Nicolai, 1981; Petit et al., 1988; 
Munoz-Cueto et al., 1991; Koenderink and Uylings, 1995), bio-
cytin/fluorescent dye filling (Kasper et al., 1994a,b; Franceschetti 
et al., 1998; Zhu, 2000; Zhang, 2004; Larsen and Callaway, 2006), 
and in vivo time-lapse imaging (Wu et al., 1999; Butz et al., 2009; 
Holtmaat and Svoboda, 2009) to observe developmental altera-
tions of somata, dendrites, and axons. Many molecular mecha-
nisms regulating fine growth and patterning of neuronal structures 
also start to be revealed (Charych et al., 2006; Zhou et al., 2006; 
Vizard et al., 2008). However, no quantitative study reports the 
morphological development of a major cortical neuron type by 
addressing each compartment of the whole neuron. In the current 
study, TTL5 cells in the somatosensory cortex were labeled with 
biocytin during recording using rat brain slices. The TTL5 cells 
were then reconstructed into 3-D model neurons, which allowed 
for a detailed quantitative analysis on every neuronal compartment 
at five postnatal stages from P7 to P60. Multiple parameters were 
obtained from different neural domains (soma, basal dendrites, 
apical dendrites, oblique dendrites, tuft dendrites, and axons) as 
well as dendritic spine and axonal bouton densities. We found that 
all compartments of a TTL5 cell undergo different developmental 
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control until all processes of the cells appeared clearly visible (usu-
ally after 2–5 min) and mounted in aqueous mounting medium 
(IMMCO Diagnostics, Inc). TTL5 neurons chosen for 3-D recon-
struction were those that were fully and strongly stained with a few 
cut branches of basal and apical dendrites.
3-d computer reconstruction
Three-dimensional model neurons were reconstructed from well-
stained neurons using the Neurolucida system (MicroBrightField 
Inc, USA) and a bright-field light microscope (Leica DMRB, Wetzlar, 
Germany) at a magnification of 100× (oil immersion objective, 
1.4–0.7 NA). The finest line traced at the 100×-magnification with 
the Neurolucida Program is 0.15 μm. Only thick-tufted neurons 
without any graded loss of staining were selected according to a 
large tuft dendritic tree spreading in layer I. Spines were marked on 
selected segments that represent different dendritic branch orders. 
The selected segments were those where spines could be clearly 
distinguished (usually close to the cutting surface of a slice). The 
slice shrinkage due to staining procedure was ∼25% in thickness 
and ∼10% anisotropic along the X- and Y-axes. Only the shrinkage 
of thickness was corrected.
Quantitative morphometry
A battery of morphological parameters were measured from 64 
fully reconstructed cells and 106 reconstructed somata, using 
Neurolucida, Neuroexplorer, and home-made Matlab programs, 
to extract features of the development of different neural compart-
ments. Terms used in this study are defined as the following: The 
basal and apical dendrites descend from the base and ascend from 
the apex of the soma, respectively (Figure 1B). The apical dendrite 
has a trunk, from which oblique dendrites emerge before bifurcat-
ing to form a tuft dendrite. A segment is the portion between two 
branch points or between a branch point and an end point or a 
starting point from soma. A stem segment is a segment that emerges 
from a soma or an apical trunk (i.e., the initial segment of a basal/
oblique/dendritic/axonal tree). Intermediates include all segments 
except terminals that end in a tip. The path length is a distance along 
dendritic segments from soma for a basal dendrite or from the 
trunk for an oblique dendrite. The maximal reach (max. reach) is 
a radial distance from the soma center to the furthest dendritic tip, 
which indicates the extent of dendritic field. In general, a maximal 
reach is shorter than its corresponding maximal path length.
Most parameters were obtained using Neuroexplorer with a few 
exceptions. Soma height and width were measured directly under 
light microscope at a magnification of 40× using Neurolucida. 
“Sholl-like” analysis (Figure 1C) on basal and apical dendrites 
was done using “Sholl Analysis” in Neuroexplorer (centered at cell 
body; Sholl, 1956). Lengths and diameters of individual segments 
were analyzed using Segment Analyses in Neuroexplorer and a 
home-made Matlab program. Segments were grouped according 
to their types, intermediates, or terminals (Figure 1D), as their 
lengths and diameters differ significantly (Hillman, 1979; Uylings 
et al., 1986). The intermediate and terminal segments were subdi-
vided according to their centripetal order. The centripetal ordering 
system designates dendritic stems leaving the cell body (basilars) or 
the apical trunk (obliques) as first-order branches. Each subsequent 
bifurcation results in two branches of a higher-order (Figure 1E). 
changes, supporting the notion that multiple functional compart-
ments receive different inputs and may integrate distinct signal 
transduction systems. Potential correlations between morphologi-
cal alterations during development and molecular pathways, and 
synaptic circuitries are also discussed.
materials and methods
animals and slice preparation
All experimental procedures were carried out according to the Swiss 
federation guidelines for animal experimentation. Male Wistar 
rats aged of postnatal day (P) 7, P14, P21, P35–P37 (simplified 
as P36) and P58–P61 (simplified as P60) were used. Pups were 
weaned between P22 and P25 and housed (usually by 2–3/cage) 
under standard laboratory conditions. After decapitation and brain 
removal, the cerebellum was removed and two hemispheres were 
split in artificial cerebrospinal fluid (ACSF). The right hemisphere 
was used for slicing while the left one was weighted after subcortical 
parts were carefully removed and the left ACSF was dried with a 
piece of filter paper. As previously described (Markram et al., 1997; 
Gupta et al., 2000), cortical-slices (sagittal; 300 μm thick) were 
sectioned on a vibratome (Sigmann Elektronik, HR-2, Heidelberg, 
Germany) filled with iced ACSF (millimolar): 125 NaCl, 2.5 KCl, 25 
glucose, 25 NaHCO
3
, 1.25 NaH
2
PO
4
, 2 CaCl
2
, and 1 MgCl
2
, bubbled 
with 95% O
2
 and 5% CO
2
. Typically, a section with visible blood 
vessels parallel to slice surface has apical dendrites and main axonal 
stems of pyramidal cells also parallel to the slice surface. In the 
rat somatosensory cortex, sections with such parallel planes were 
obtained between 1.5 and 2.40 mm lateral to the midline. Slices were 
transferred to a submerge-type chamber where they were continu-
ously exposed to ACSF at 32–34°C, saturated with 95% O
2
 and 5% 
CO
2
. Neurons were identified using IR-DIC microscopy as previ-
ously described (Stuart et al., 1993). Pyramidal neurons, recognized 
by their largest somata and apical dendrite apex, were selected for 
patch-clamp recording from all levels of lamina V (Va and Vb) of 
the primary somatosensory cortex (S1HL and S1Tr, Figure 1A) 
at depths between 30 and 90 μm below the cutting surface of the 
slice. Somatic whole-cell recordings (pipette resistance-5–12 MΩ) 
were employed to obtain electrophysiological properties and to 
label recorded neurons by biocytin diffusion. Pipettes were filled 
with intracellular solution, containing (millimolar): 110 potas-
sium gluconate, 10 KCl, 4 ATP-Mg, 10 phosphocreatine, 0.3 GTP, 
10 Hepes (pH 7.3, 300 mOsm, adjusted with sucrose), and 0.5% 
biocytin (Sigma).
histological procedures
After recording, slices were fixed in 0.1 M phosphate buffer (PB, 
pH 7.4) containing 4% paraformaldehyde, 1% glutaraldehyde, and 
0.3% saturated picric acid. Thereafter, slices were rinsed several 
times in PBS. Endogenous peroxidases were blocked with 3% H
2
O
2
-
PBS for 30 min. After several rinses in PBS, slices were permeabi-
lized by immersion in 0.1% Triton X-100-PBS (30 min to 2 h), 
and were incubated overnight at 4°C in biotinylated horseradish 
peroxidase conjugated to avidin according to the manufacturer’s 
protocol (ABC-Elite, Vector Labs, Burlingame, CA, USA): 2% A, 
2% B, and 0.1% Triton-100. Following incubation, sections were 
washed several times in PBS and Tris–HCl and developed with 
3,3′-diaminobenzidine (DAB tablets, Sigma, 0.07%) under visual 
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Figure 1 | Morphometric analysis of TTL5 neurons. (A) The picture of a typical 
sagittal slice used for cell recording (here at P14), showing positions of somata (red 
triangles) of P14 TTL5 cells reconstructed in this study. Neurons at all ages were 
selected at similar positions, i.e., in the S1HL and S1Tr areas. The superior rostral 
part of lateral ventricle (white circle) was found in all slices and used as a reference 
point. S1HL and S1Tr, hindlimb, and trunk regions of primary somatosensory 
cortex, respectively. Scale bar, 1 mm. (B) Neurolucida reconstruction of a TTL5 
neuron with depiction of different neuronal compartments. Note dendrites in red 
and axon in blue. Green arrowheads illustrate segments randomly selected for 
spine reconstruction (green inset). (C–g): Different morphometric methods used. 
(C) Sholl-like analysis. Serial spheres with stepped radii were centered at the soma. 
Numbers of intersections with each sphere were counted and graphed as a 
function of distance to the center. (D) Segment length. Length of a segment was 
measured between two neighboring branch points (intermediate) or between a 
branch point and an end point (terminal). (e) Centripetal order. Representing the 
frequency of branching, one order increases following each branch point starting 
from a stem segment (i.e., the first order segment emerged from the soma or the 
apical trunk). (F) Branch angles formed between a parent segment and daughter 
segments. Planar Branch Angle (PBA, Left Panel): angles formed between the 
distal extending portion of a line passing through the beginning and the ending of a 
parent segment and the lines passing through the beginning and endings of 
daughter segments. Local Spline Branch Angle (LSBA, Right Panel): angles formed 
between the distal extending portion of a line passing through the straight 
segment portion before the branch point and two lines passing through the straight 
segment portions after the branch point. (g) Vertex analysis. Terminating vertices 
were classified based on the pattern of branching at vertices. Three vertice patterns 
were defined: Va, two terminating branches were bifurcated at a branch point; Vb, 
one terminating branch was attached to a branch point with an intermediate branch; 
Vc, zero terminating branch, instead, two intermediate branches were attached to a 
branch point.
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(Figure 1B). Developmental changes of TTL5 neurons were stud-
ied with multiple parameters (Figures 1C–G, also see Materials 
and Methods).
gross anatomical changes
Hemisphere weight, rostro-caudal cortical length, neocortical 
thickness, and neocortical–callosal thickness were measured from 
animals at different ages (Figure 2). Cortical measures were taken 
from 1.5 to 2.4 mm (depending on age) midline-remote sagittal 
sections after fixation (Figure 2A). Thicknesses were measured at 
the level of the superior rostral region of the lateral ventricle in all 
sections (red circle, Figure 2B). Hemisphere weight, rostro- caudal 
cortical length, neocortical thickness, and neocortical–callosal 
thickness logarithmically increased from P7 to P60, with a major 
growth of 50, 66, 76, and 54%, respectively, of the total increase 
from P7 to P14 (Figures 2C–F). Subsequently, these measurements 
continued increasing until the adult stage (P60) at a significantly 
lower rate, with the exception of the neocortical thickness. The latter 
did not show further significant change until P60 (Figure 2F, ∆y
1
). 
A developmental constant was calculated for each of these ana-
tomical parameters by fitting the data points from P7 to P60 with 
logarithmic functions (Figures 2D–F, red curves). This constant 
represents the time taken for each parameter (with origin at P7) to 
reach 63.2% of its final (asymptotic) value (in days: 12.15 ± 2.03; 
8.53 ± 0.71; 4.83 ± 0.68; 9.27 ± 0.95, respectively). The hemisphere 
weight increased 2.6-fold from P7 to P60 and already 1.8-fold from 
P7 to P14 (69% of adult value at P14; 80% at P21). The weight 
increase was however still statistically significant from P21 to P36 
and from P36 to P60 (Figure 2D). The rostro-caudal cortical length 
increased 1.61-fold from P7 to P60, reaching 84% of the adult 
length by P14 and 90% by P21 (Figure 2E). In contrast, the neo-
cortex showed early growth, almost reaching adult thickness by P14 
(93% of the value at P60). In fact, the neocortex increased only by 
1.39-fold from P7 to P14 (Figure 2F, ∆y
1
), suggesting that most of 
the neocortex develops even before P7. The neocortical–callosal 
thickness was also close to adult values at P14 (86%) and reached 
the adult level at P36 (98%; Figure 2F, ∆y
2
). These results revealed 
a continuing expansion of the hemisphere with an earlier matura-
tion in the neocortical thickness at P14.
somatic development
Somata were subjectively classified into three formats according 
to shape: triangular, round, and oval (Figure 3A). Although three 
shapes were found at all ages, somata of TTL5 neurons appeared 
to be mostly either triangular or round (44% for both, n = 40) at 
P7 and predominantly triangular thereafter (75 ± 4% triangular 
somata, n = 50). Somata increased markedly from P7 to P14 in 
surface area (1.7-fold), height (1.33-fold), and width (1.24-fold; 
Figures 3B,C). The growth then became slower but still statisti-
cally significant in height (1.17-fold) and surface area (1.12-fold) 
from P14 to P21 by which time the adult size was virtually formed 
(Figure 3C).
overview oF ttl5 arbor development
Throughout the developmental periods studied, significant 
changes were not detected in parameters crucial for the general 
structural frame of TTL5 neurons. These parameters include: the 
Incomplete segments (i.e., segments cut off at the surface of the 
section or running into a dense precipitation) were excluded from 
the analysis of individual segment length, but included in total 
length. Branch angles of dendrites and axons were analyzed in two 
ways (Figure 1F): The planar branching angle (PBA) describes the 
change in direction from one parent branch to daughter branches, 
emphasizing the overall structure of the tree; The local spline 
branching angle (LSBA) describes the change in direction using 
the line segments closest to the branch point, focusing on the local 
site around a branch point but disregarding the overall structure of 
a tree. A vertex analysis was performed on apical dendrite and tuft, 
which classifies branch points on the connectivity at vertices (con-
nection points for branches). Branch points were assigned as Va, Vb, 
and Vc respectively according to 2, 1, and 0 terminating segments 
attached to that branch point following bifurcation (Figure 1G). 
The number of these different types of branch points was counted. 
Intact basal dendritic trees, which were not cut at the slice surfaces, 
were carefully selected. The length distributions of terminal seg-
ments of these intact trees were analyzed. Spines were assessed by 
spotting a marker for each spine, assigned to the corresponding 
segment. The spine density was calculated as the ratio between 
the total number of markers and the total length of dendritic seg-
ments. Effort was made to present spine densities of individual 
branching orders within each compartment. Spine densities on 
different branching orders were analyzed using Segment Analysis in 
Neuroexplorer and a home-made Matlab program. No correction 
was made for spines obscured by dendritic shafts (Feldman and 
Peters, 1979; Larkman, 1991a). Boutons were assessed by spotting 
another marker for each bouton. The bouton density was calculated 
as the ratio between the total number of the markers and the total 
length of axonal segments. According to the maximal diameter, 
boutons were subjectively sub-classified into small (0.2–0.7 μm) 
and large (1.0–1.8 μm) subtypes.
statistics
The statistical analyses were performed using Mann–Whitney U-test 
in Matlab. P-values were corrected in the R statistical software for 
multiple comparisons with the “fdr” method. The significant level 
was defined at P ≤ 0.05 for all comparisons. Significant differences 
were shown only to the comparisons between the “closest” ages (for 
example, if P7 < P14 and P21, only P7 < P14 is noted; if P7 and 
P14 < P21, only P14 < P21 is noted), except for the comparison 
between P21 and P60. The analyzed data were shown as mean and 
standard error.
results
Hemisphere weight was measured from 61 male Wistar rats ages 
P7 to P60 (young adult). Seventy-seven brain slices were used to 
measure cortical dimensions (P7, 13 slices from 12 rats; P14, 13, 10; 
P21, 9, 7; P36, 19, 16; P60, 23, 16). TTL5 neurons in the primary 
somatosensory cortex were recorded with patch-clamp electrodes 
and filled with biocytin. Well-stained cells were reconstructed into 
3-D model neurons (n = 64 cells; P7, 9 cells; P14, 15; P21, 15; P36, 
13; P60, 12), which enabled a detailed morphometrical analysis 
with accuracy. Studied compartments of TTL5 neurons include 
somata, basal dendrites, apical trunks, oblique dendrites, tuft den-
drites and entire apical dendritic tree as well as axonal  arborization 
Frontiers in Neuroanatomy www.frontiersin.org February 2011 | Volume 5 | Article 5 | 5
Romand et al. Morphological development of TTL5 neurons
of apical trunks at individual branching orders (Figure A2 in 
Appendix). The lack of change in these measurements suggests 
that the general structural frame of a TTL5 neuron has been well 
numbers of dendritic and axonal stems, the branching angles of 
both dendrites and axons (Figure A1 in Appendix), the structural 
ratio of apical dendritic compartments, and the average  thickness 
Figure 2 | gross anatomical development. (A) Typical sagittal slices were 
cut at the cortical region 1.5–2.4 mm from midline (black dashed line). (B) The 
rostro-caudal cortical length (∆x1) was the maximal length of a section along 
the rostro-lateral axis. The neocortical thickness (∆y1) was measured vertically 
between pial and white matter, and the neocortical–callosal 
(neocortex + corpus callosum, ∆y2) thickness was measured vertically from pial 
to the level of superior rostral part of lateral ventricle (red circle). Scale bar, 
2 mm. (C) Representative pictures of sagittal slices at different ages. Scale bar, 
2 mm. (D) The weight of all individual cerebral hemispheres examined was 
plotted as a function of animal age (P7: n = 3, P13–P14, simplified as P14: 
n = 3, P21–P22, simplified as P21: n = 7, P35–P37, simplified as P36: n = 10, 
P59–P61, simplified as P60: n = 7). The points were fitted with a single 
exponential line (red) of length constant (the time taken for each parameter to 
reach 63.2% of its final value from P7): 12.15 ± 2.03 days. For (e–F), the same 
conventions are shown as in (D). (e) Rostro-caudal cortical length (P7: n = 11, 
P14: n = 12, P21: n = 8, P36: n = 14, P60: n = 22). Length constant of 
exponential fit: 8.53 ± 0.71 days. (F) Neocortical thickness (∆y1) and 
neocortical–callosal thickness (∆y2; for both ∆y1 and ∆y2, P7: n = 13, P14: 
n = 13, P21: n = 8, P36: n = 15, P60: n = 28). Length constant of exponential 
fits: ∆y1, 4.83 ± 0.68 and ∆y2, 9.27 ± 0.95 days. Note, for this and subsequent 
figures, symbols representing statistical significance between ages: *, P7 and 
P14; +, P14 and P21; ×, P21 and P36; #, P36 and P60; ∧, P21 and P60. 
Significant levels: 1 (e.g., *), 2 (e.g., **), 3 (e.g., ***) symbols denote 
0.01 < P < 0.05, 0.01 < P < 0.001, P < 0.001, respectively.
Figure 3 | Developmental changes in TTL5 neuronal somata. 
(A) Representative pictures of somata of different shapes at each age examined. 
h, height, w, width. (B–C) Developmental changes in surface area, height (white 
bars), and width (gray bars) of somata. From P7 to P14, all three parameters 
significantly increased. From P14 to P21, the height and surface area, but not 
the width, significantly increased. Same cells were used for height and width 
measures. Note, for this and subsequent figures, numbers in bars of column 
graphs indicate the numbers of analyzed cells and error bars are SEs.
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pruned. This decrease in the number of apical segments did not 
significantly affect the total length (Figure 4B1), inferring that 
those pruned segments must be very short segments such as filo-
podia. Changes became subtle after P14. Total basal dendritic 
length remained relatively constant at P21 and P36, and then 
increased further until P60 (Figure 4B1). This later increase could 
be due to an addition of segments before adulthood (Figure 4B2, 
see below).
Axonal arbors of TTL5 neurons also expanded rapidly 
from P7 to P14 as evidenced by the increase in total length 
(1.85-fold) and segment number (1.95-fold) of an axon tree 
differentiated at P7. On the other hand, further growth of TTL5 
neurons is evident in the quantitative morphometric analyses 
described below.
Dendritic arbors of TTL5 neurons expanded rapidly from P7 
to P14 as evidenced by the increase in total length of basal (2.42-
fold) and apical (1.47-fold) dendrites, which reached 70 and 88% 
of the adult length, respectively (Figures 4A,B1). While the total 
number of basal dendritic segments remained unchanged during 
this period, the total number of segments of an apical dendritic 
tree significantly decreased (Figure 4B2). This suggests that an 
abundance of apical segments existing at P7 were subsequently 
Figure 4 | general morphological changes of TTL5 neurons during 
development. (A) Representative 3-D model neurons reconstructed from 
biocytin-labeled neurons at all ages examined (dendrites in red, axons in blue). 
Scale bar, 200 μm. (B1) Total length of both basal (white bars) and apical (gray 
bars) dendrites significantly increased from P7 to P14. Only the total length of 
basal dendrites further increased from P36 to P60. (B2) Total number of apical 
dendritic segments significantly decreased from P7 to P14. From P21 to P60, 
there was a significant increase in the total number of basal dendritic 
segments. (C1) Total axonal length significantly increased from P7 to P14. (C2) 
Total number of axonal segments significantly increased from P7 to P14. Note 
that the data for the axons of neurons at P36 and P60 are insufficient for the 
analyses of total length and segment number. This is because axonal collaterals 
in slices from P36 and P60 rats were often invisible at deep focusing levels 
under LM.
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P7; P < 0.0001, P14; P < 0.001, P21; P < 0.001, P36; P < 0.01, P60). 
Both intermediates and particularly terminals were lengthened 
from P7 to P14 (by 1.90-fold and 2.40-fold respectively). This earlier 
increase in length occurred in most intermediate branches that 
were centripetal to soma (at the first–third orders, Figure 6C1), and 
in almost all terminals at various branching orders (Figure 6C2). 
Intermediates then remained constant at lengths of ∼25–30 μm 
(Figure 6B). In contrast, terminals showed significant growth at 
the third and fourth orders from P14 to P21 and at the fourth order 
from P36 to P60 (Figures 6B,C2).
 In a similar pattern, terminal segments were thinner than inter-
mediate ones at all ages (Figure 6D; P = 0.007, P7; P = 0.027, P14; 
P = 0.016, P21; P = 0.014, P36; P = 0.046, P60). There was also an 
earlier increase in thickness for both intermediates (1.22-fold) and 
terminals (1.53-fold) between P7 and P14 (Figure 6D). The thick-
ening change occurred in those intermediate and terminal branches 
that had an early increase in length (Figures 6C1,C2,E1,E2). 
Alternatively, the thickness of terminals remained relatively constant 
for all subsequent developmental stages (Figures 6D,E2), whereas 
the thickness of intermediate segments continued to increase until 
P21 before reaching a constant level (Figures 6D,E1).
Interestingly, there was a significant increase in the total 
number of both intermediate and terminal segments from P21 
to P60 (Figure 6F). This later increase in segments was significant 
at higher-orders, the fourth–fifth orders of intermediates and the 
sixth order of terminals (Figures 6G1,G2). This continuous order 
sequence suggests that new terminal segments may bifurcate from 
some pre-existing terminals, which then became higher-order inter-
mediate segments. This increase in segment number was consistent 
with the later increase in the total length and segment number 
(Figures 4B1,B2) as well as in the total intersection number of 
basal dendrites (Figure 5E).
development oF apical dendrites
Apical dendrites at P7 are characterized by numerous short and thin 
filopodia-like branchlets dispersed along each segment (Figures 7A, 
P7). These filopodia disappeared by P14, which is clearly shown in 
the analysis of apical dendritic vertices (Figure 7B). Meanwhile, the 
apical dendritic maximal reach increased to 92% of the adult value 
(Figures 7A,C). Lengths of apical dendritic trunks were highly vari-
able for all ages (Figure 7D). In view of the fact that the length of 
an apical trunk is a key parameter for the identification of different 
TTL5 subtypes (Wang et al., 2006), the early appearance of apical 
trunk length diversity suggests that subtypes of TTL5 neurons have 
already differentiated at very young ages.
development oF obliQue dendrites
Oblique apical dendrites emanated from the apical trunk at vary-
ing angles across all ages. Although apical dendrites grew, oblique 
dendrites remained close to only 30% of the maximal apical length 
(Figure 7A, Figures A2A,B in Appendix). Compared with basal 
dendrites, oblique dendrites also expanded most significantly from 
P7 to P14, virtually reaching the adult level in the total length, 
the maximal path length, the total number of segments and the 
number of oblique stems (Figures 8A–E). However, oblique trees 
were usually less complex at all studied ages as evidenced by their 
maximal branching orders (oblique: 4.18 ± 0.11, n = 51 versus 
(Figures 4C1,C2). Unfortunately, frequently faint staining of 
axonal collaterals at older ages restricted the detailed analysis 
of axons.
development oF basal dendrites
Basal dendrites grew rapidly from P7 to P14 (Figures 5A,B) 
expanding the radial reach by 1.7-fold and the path length by 1.9-
fold, equivalent to ∼85% of the adult values at P60 (radial reach: 
284 ± 51 μm, range 224–368 μm; path length: 316 ± 57 μm, range 
250–413 μm). An additional increase from P14 to P21 was also 
significant (Figure 5B). Both maximal radial reach and path length 
kept similar developmental trends and similar ratios, suggesting 
that the growth of basal dendrites is radial and that the tortuosity 
of segments is unchanged. A Sholl-like analysis revealed a Gaussian 
form of dendritic intersection distributions with a round peak and 
a prolonged decline in distal ones at all ages studied (Figure 5C). 
The distance of maximum intersections increased by 47% from P7 
to P60 (Figures 5C,D). The peak density of dendritic intersections 
laid around 40 μm from the soma at P7, and was shifted to around 
∼100 μm at P60. The total number of intersections displayed two 
markedly developmental jumps: one from P7 to P14 (170 ± 17 to 
411 ± 77) and the second from P36 to P60 (460 ± 83 to 593 ± 43; 
Figure 5E). The former jump indicates the expansion of dendritic 
clusters as evidenced by the increase in maximal radial reach and 
path length and a significant peak shift of Gaussian-shape inter-
section distributions (Figures 5B,C). The latter jump indicates 
the emergence of new segments due to the fact that the shapes of 
intersection distributions remained similar while total intersection 
number and intersection numbers at most mid-range distances 
significantly increased (Figures 5C,E).
To better examine the developmental change, intact trees of 
basal dendrites were selectively analyzed (Figures 5F,G). At P7, a 
peak was displayed at the short lengths of terminal segments, and 
the maximal length was shortest compared to those at older ages. 
These results represented the small dendritic clusters of TTL5 cells 
at this age. By P14, a bell-shape distribution of segment lengths 
formed a peak around 100–120 μm. The distribution became much 
broader at P21 with a lowered peak at medium-length segments 
(40–160 μm) and higher percentages of both shorter (20–40 μm, 
red arrowheads) and longer segments (180–320 μm, black arrows; 
Figures 5A,F,G, P21). These changes could be due to a retraction 
of some segments and a simultaneous lengthening of others since 
there was no change in the total length (see Figure 4B1) and no new 
segments appeared (see Figure 4B2) between P14 and P21. From 
P21 to P60, both total length and number of dendritic  segments 
increased (Figures 4B1,B2). More specifically, the new segments 
probably emerged between P36 and P60, accounting for the increase 
of intersections at distances 90–190 μm from the soma (Figure 5C). 
Toward adulthood, terminal segments tended to have equal pro-
jecting distances as revealed by the narrower range in their lengths 
(Figure 5G, P36, P60). The disappearance of those short and long 
lengths once again indicates the co-occurrence of the elongation 
of some of the shortest terminals and the retraction of some of 
the longest ones.
Intermediate and terminal segments of basal dendrites were 
further analyzed and compared. In general, terminal segments are 
longer than intermediate ones at all ages (Figures 6A,B; P < 0.001, 
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Figure 5 | Developmental changes in the morphology of basal dendrites. 
(A) Representative reconstructions of basal dendrites in sagittal view from all 
ages examined. Note the rapid growth of the dendritic field between P7 and 
P14, an extension of a few long branches at P21 (black arrow heads), the 
appearance of a denser dendritic field with more homogeneous arborization 
surrounding the soma at P60. (B) Development of maximal radial reach (white 
bars) and path length (gray bars). Same cells were used for both radial reach and 
path length. Significant increases in both measures were from P7 to P14 and 
from P14 to P21. The ratio between the two measures appeared always similar 
over the five developmental stages, seemingly forming a peak at P21. (C) 
Sholl-like analysis. The intersection number within serial spheres of 10 μm-
stepped radii centered at soma was plotted as a function of radial distance from 
soma. Two major changes are clearly shown: The peak of the intersection curve 
lying around 40 μm at P7 was shifted close to 100 μm at P21 and kept around 
there until P60 (noted with a dash line); The curve dome was significantly raised 
up from P36 to P60. (D) The distance of maximal intersection number (radius of 
sphere where the number of intersections is maximal) significantly increased 
from P7 to P14. (e) The total number of intersections (at all spheres) significantly 
increased at different periods (from P7 to P14, from P21 to P60, and from P36 to 
P60). (F) Representative reconstructions of basal dendrites viewed from the pial 
surface showing the cut of dendrites (same cells as above in sagittal view in A). 
Note at P21, in both views, the concurrent presence of short (red arrowheads) 
and exceedingly long (black arrows) branches. (g) The percentage (%) of intact 
terminal segments as a function of their lengths over different ages (P7: n = 4 
cells, 63 terminal segments; P14: 6, 84; P21: 11, 112; P36: 5, 47; P60: 3, 34). 
Note the distribution kept changing following development, featured with high 
percentages of short segments at P7, a symmetrical distribution centered 
around 100 μm at P14, broader distribution with more short (20–40 μm, red 
arrowhead) as well as long (200–320 μm, black arrows) lengths at P21, gradually 
narrowed distributions at P36 and P60. Scale bars, 100 μm.
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Figure 6 | Developmental changes in the branching pattern of basal 
dendrites. (A) Dendrogram of basal dendritic trees of representative cells from all 
ages examined. The number of tips of each tree was indicated to the right. The 
segment length was scaled according to real length, but the thickness was not 
scaled. (B) Average lengths of intermediate and terminal segments versus age (P7: 
n = 8, P14: n = 15, P21: n = 11, P36: n = 8, P60: n = 6). Intermediates were 
significantly lengthened from P7 to P14 and thereafter remained constant. 
Terminals were significantly lengthened from P7 to P14 and from P14 to P21. (C1) 
The intermediate segment length significantly increased on the first to third orders 
from P7 to P14. (C2) The terminal segment length significantly increased on the 
second to sixth orders from P7 to P14, on the third and fourth orders from P14 to 
P21, and only on the fourth orders from P36 to P60. (D) Average diameters of 
intermediate and terminal segments versus age [same cells as in (B)]. Before 
reaching a constant level, a significant increase in thickness was tested from P7 to 
P14 and from P14 to P21 in intermediates and from P7 to P14 in terminals. (e1) The 
intermediate segment diameter significantly increased on the first to third orders 
from P7 to P14 and from P14 to P21. (e2) The terminal segment diameter 
significantly increased on the second to sixth orders from P7 to P14. (F) Average 
number of intermediate and terminal segments versus age [same cells as in (B)]. A 
significant increase in the total segment number was tested between P21 to P60. 
(g1) The intermediate segment number significantly increased on the fourth orders 
from P7 to P14, on the fourth and fifth orders from P21 to P60, and on the fifth 
order from P36 to P60. (g2) The terminal segment number significantly increased 
on the sixth orders from P21 to P60, which is also significant from P36 to P60.
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(Figure 9C2). The first order terminals were actually single branches 
and therefore mostly located further from the soma (Figures 8A,9A). 
However, the total length and the number of oblique dendrites were 
not significantly changed during this period (Figures 8B,E). This may 
be because a retraction occurred in other oblique dendrites. This pos-
sibility is indicated by a trend in reduced segment length at the third 
order of intermediates between P21 and P60 (Figure 9C1). In general, 
the intermediate segments appeared to have similar lengths at different 
orders (Figure 9C1). The terminal segments became shorter at higher-
orders (Figure 9C2), which is in a pattern opposite to basal dendrites.
basal: 6.47 ± 0.18, n = 49; P < 0.001). Those further from the soma 
were often shorter and simpler than the close ones and some of 
them were even single branches (Figure 9A).
A more detailed analysis revealed that the rapid growth of oblique 
dendrites between P7 and P14 was also due to an increase in length of 
both intermediates (1.84-fold) and, in particular, terminals (2.75-fold; 
Figures 9A,B). This earlier increase in length occurred in intermedi-
ate and terminal branches at most orders (the first–second orders and 
the first–third respectively; Figures 9C1,C2). A later increase in length 
occurred between P21 and P60 to the terminals at the initial order 
Figure 7 | Developmental changes in the morphology of apical dendrite. 
(A) Representative reconstructions of apical dendrites from each age 
examined. Note the rapid growth of apical dendrites and the disappearance of 
filopodia-like branches (arrows) along the apical dendrite from P7 to P14. The 
structural frame kept similar over all ages with obliques distributed in the 
approximate 30% and tufts in the distal 20–30% of the maximal reach length. 
Scale bar, 100 μm. (B) Vertex analysis. A tendency to have more “Vb” vertices 
was presented at P7. Otherwise, there were no significant changes in the 
three types of vertices through all ages. (C) The maximal reach length of 
apical dendrite significantly increased from P7 to P14, and thereafter 
remained constant. (D) The radial length of apical trunk (from the soma to the 
first tuft bifurcation) showed a large variation at each age (empty circles, P7: 
n = 8, P14: n = 15, P21: n = 15, P36: n = 13, P60: n = 12; horizontal bars: 
mean values).
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at the first orders (which were counted as terminal segments in 
the analysis; Figure 9G2). Most of these terminals were filopodia 
(Figure 9A, P7). Therefore, the number of real oblique dendritic 
segments might be unchanged throughout all ages studied.
development oF tuFt dendrites
The tuft dendritic tree bifurcated from an apical trunk and often 
consisted of a pair of asymmetrical tuft dendrites that extensively 
arborized in Layer I. At all studied ages, a wide range of tuft shapes 
was observed (Figure 10A). The diversity of tuft dendrites was 
therefore already present at P7. Since the shape of a tuft dendrite 
is another key feature for the identification of neuronal subtypes 
The average segment thickness of both oblique intermediates 
and terminals tended to increase during the entire study period 
(Figure 9D). The early significant increase between P7 and P14 
occurred virtually in all the orders of both intermediates and ter-
minals (Figures 9E1,E2). The later significant increase occurred 
locally at the second orders of both intermediates and terminals 
from P14 to P21, and at the third orders of terminals from P21 to 
P60 (Figures 9E1,E2).
The total number of terminal segments significantly decreased 
from P7 to P14 while the segment number of intermediates 
remained relatively constant over all ages studied (Figures 9F,G1). 
Those terminals that disappeared were unbranched stem segments 
Figure 8 | Developmental changes in the morphology of oblique 
dendrites. (A) Representative reconstructions of oblique dendrites on apical 
trunks from each age examined. Note that oblique trees closer to soma appear 
more arborized than those further ones. (B–e) Development of oblique dendrite 
in the total length (B), the maximal path length (C), the total number of 
segments (D), and the number of trees (e). Significant changes were tested 
from P7 to P14, including an increase in the total length and the maximal path 
length, and a decrease in the total number of segments and the number of 
oblique trees. Thereafter, all these parameters did not show any further 
significant changes.
Frontiers in Neuroanatomy www.frontiersin.org February 2011 | Volume 5 | Article 5 | 12
Romand et al. Morphological development of TTL5 neurons
Figure 9 | Developmental changes in the branching pattern of oblique 
dendrites. (A) Dendrogram of representative oblique trees from each age 
examined. Note less complexity in the arborization compared to basal dendrites 
(see Figure 6A). Single obliques without branches are mostly further from soma. 
The segment length was scaled according to real length, but the thickness was 
not scaled. (B) Average lengths of intermediate and terminal segments versus 
age (P7: n = 8, P14: n = 14, P21: n = 11, P36: n = 9, P60: n = 6). Significant 
increases were tested between P7 to P14 in both intermediates and terminals, 
and between P21 to P60 only in terminals. (C1) The intermediate segment length 
significantly increased on the first and second orders from P7 to P14. (C2) The 
terminal segment length significantly increased on the first to third orders from 
P7 to P14 and only on the first orders from P21 to P60. (D) Average diameters of 
intermediate and terminal segments versus age [same cells as in (B)]. In general, 
the average segment diameter kept increasing during the whole period studied. 
The significant increases were seen between P7 to P14 and P14 to P21 in both 
intermediates and terminals, and between P21 to P60 only in terminals. (e1) The 
intermediate segment diameter significantly increased on the first and third 
orders from P7 to P14 and on the second orders from P14 to P21. (e2) The 
terminal segment diameter significantly increased on all the orders first to fourth 
from P7 to P14, only on the second orders from P14 to P21, and only on the third 
orders from P21 to P60. (F) Average numbers of intermediate and terminal 
segments versus age [same cells as in (B)]. There was not significant change in 
the segment number except a decrease in terminal segments from P7 to P14. 
(g1) The intermediate segment number was not significantly changed during the 
whole period studied. (g2) The terminal segment number was not significantly 
changed except a decrease on the first orders from P7 to P14.
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as measured vertically with radial length and horizontally with 
lateral length and lost filopodia-like segments between P7 and P14 
(Figures 10A,B). The disappearance of filopodia was also reflected 
(Wang et al., 2006), this diversity of tuft dendrites again indicates 
the early differentiation of TTL5 subtypes. Furthermore, tuft den-
drites, like oblique dendrites, also significantly grew in all domains 
Figure 10 | Developmental changes in the morphology of apical tuft. 
(A) Representative reconstructions of tuft dendritic trees from each age 
examined. Note the loss of filopodia-like short segments from P7 to P14. The 
radial length (a) is defined as the vertical distance from the first bifurcation 
branch point to the furthest tuft branch. The lateral length (b) is defined as the 
tangential distance between two most remote tuft terminal branches projecting 
to the pial. (B) Both radial and lateral lengths significantly increased from P7 to 
P14 (P7: n = 9, P14: n = 14, P21: n = 15, P36: n = 11, P60: n = 9). Thereafter, both 
measures tended to further increase, but not statistically significant. (C) Tuft 
branch point number was constant at different ages except at P7. The branch 
point number at P7 included branches forming filopodia-like segments. (D) Three 
types of vertices were constant at different ages except at P7. The “Vb” vertices 
(one terminal with an intermediate segment at a branch point) were significantly 
higher at P7 due to filopodia-like segments. (e) Tuft segment number versus 
branch order at different ages. Except at P7, the distribution curves at other ages 
virtually overlapped each other with their peaks between fifth and sixth orders. 
At P7, filopodia-like branches were indicated by higher number of segments at 
higher-orders (>seventh order). (F) The total tuft length significantly increased 
from P7 to P14 and from P14 to P21 and then remained constant. (g) The 
average segment length of tuft intermediate and terminal segments significantly 
increased from P7 to P14. Afterward, a further significant increase from P14 to 
P21 was tested only in terminals. (H) The average segment thickness of tuft 
segments significantly increased from P14 to P21 in intermediates and from P7 
to P14 in terminals (P7: n = 8, P14: n = 13, P21: n = 13, P36: n = 8, P60: n = 9). 
Note the average segment thickness of tuft intermediates showed a tendency 
of increasing.
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by the decrease in the number of tuft branch points (Figure 10C) 
and the number of “Vb” type vertices (Figure 10D) as well as the 
disappearance of those branch orders that were higher than the 
maximal branch orders at older ages (Figure 10E).
The total tuft length significantly increased by 1.48-fold from 
P7 to P14, and by 1.78-fold from P7 to P21 (Figure 10F). The aver-
age segment length increased by 3.35-fold in intermediates and by 
2.48-fold in terminals from P7 to P21 (Figure 10G). The average 
lengths of both intermediate and terminal segments significantly 
increased from P7 to P14, but only terminals were significantly 
increased from P14 to P21. The development in the thickness of 
tuft dendrites showed some difference: The thickness of terminals 
remained relatively constant after a significant increase from P7 to 
P14, while the thickness of intermediates significantly increased 
from P14 to P21 and trended to continuously increase until P60 
(Figure 10H). However, these significant changes could not be 
reflected in the analyses of length and thickness as a function of 
branch order (Figures A3A,B1,B2 in Appendix). This may be due 
to the large variation among individual values at each branch order 
as well as the obvious drop in sample size when dispersing a large 
sample into small samples according to multiple orders.
In summary for the dendritic morphology, three developmental 
periods appeared in the time window studied: P7–P14, P14–P21, 
and P21–P60 (Table A1 in Appendix). The growth rate was fastest 
at the first period (73% of 41 dendritic parameters observed), inter-
mediate at the second period (32%), and slowest at the third period 
(12%). All basal, oblique, and tuft dendrites of a TTL5 cell grew 
rapidly in almost all compartments from P7 to P14. Both lengthen-
ing and thickening occurred simultaneously to a specified dendritic 
segment except for tuft intermediates that only lengthened. In the 
later stages, changes were localized to specific orders of segments of 
a dendritic compartment, especially the terminals. Either lengthen-
ing or thickening, never both concurrently, took place at one seg-
ment (Table A2 in Appendix). From P14 to P21, basal and oblique 
and tuft intermediates thickened at certain specified segments. Basal 
and tuft terminals lengthened without thickening while oblique 
terminals thickened without lengthening. From P21 to P60, changes 
in length and thickness occurred only to oblique dendrites, which 
were localized at different segments respectively. Additionally, new 
segments emerged from some specific orders of basal dendrites dur-
ing this period. Eventually, different dendritic compartments form 
distinct branching patterns following development. While branch-
ing to higher-orders: both basal intermediates and terminals tended 
to be lengthened; both tuft intermediates and terminals tended to be 
shortened; oblique intermediates remained similar in length while 
their terminals tended to be shortened. Furthermore, a rebalance in 
length between terminals or between terminals and intermediates 
appeared within a compartment likely by retracting some segments 
while elongating others in basal and oblique dendrites.
spine density during development
Spines were identified and counted on randomly selected seg-
ments from each compartment of well-stained TTL5 neurons 
(Figure 11A). The spine count was however not corrected for those 
spines obscured by dendritic shafts. Although there was no statisti-
cally significant increase in spine density from P7 to P14, spines 
did appear to develop during this period (Figure 11B). This is 
likely that most filopodia at P7 were directly changed to spines at 
P14 (Yuste and Bonhoeffer, 2004; Mattila and Lappalainen, 2008; 
Yoshihara et al., 2009). A significant increase in spine density was 
observed in all compartments from P14 to P21, at which point it 
reached adult levels (Figure 11B). This indicates that the spine 
density matures as early as P21.
The spine density was analyzed as a function of branching order 
of basal and oblique dendrites (Figures 11C,D). Spines were sparsely 
and evenly distributed at all branch orders of basal dendrites at P7 
and P14 except those on the first orders. The spines on the first 
orders (i.e., proximal dendrites) were significantly reduced from P7 
to P14 (Figure 11C), remaining sparse thereafter. This observation 
is consistent with previous reports (Petit et al., 1988; Duan et al., 
2003). The spine density then increased along the middle-orders 
with a peak (2.3-fold) at the fourth orders of basal branches from 
P14 to P21 (Figure 11C). Interestingly, these middle-orders of basal 
dendrites also displayed more dynamic changes in length, thickness, 
and segment numbers at older ages (see Figures 6C1,C2,G1,G2). In 
oblique dendrites, spines appeared to increase earlier as evidenced 
by the significant increase in spine density at the second and third 
branch orders from P7 to P14 (Figure 11D). Moreover, further 
increase of spines virtually matched the dynamic changes in the 
thickness of middle-order branches from P14 to P21 and up to P60 
(Figures 11D and 9D,E1,E2).
axon and bouton density during development
The number of axonal collateral stems at P7 was already equiva-
lent to that of a mature TTL5 neuron (Figure A1D in Appendix). 
The radial distances from soma to axonal sites where collateral 
stems emerged, including axon initial segments (Figures 12A,B), 
displayed an overall significant increase from P7 to P14 (P < 0.005; 
Figure 12C), which matches the rapid growth of dendrites dur-
ing the same developmental period. A progressive lengthening 
of inter-segments between subsequent axonal stems was initially 
absent at P7 (1 → 2, 25 μm; 2 → 3, 14 μm; 3 → 4, 21 μm; 4 → 5, 
13 μm), but became prominent at P36 (1 → 2, 24 μm; 2 → 3, 
50 μm; 3 → 4, 67 μm; 4 → 5, 146 μm). Despite the absence of 
the data for higher-orders of axonal collaterals at P60, the results 
showed a late predominant extension in the radial distances of 
distal collaterals (Figure 12C).
The bouton density of axons increased significantly from P14 
to P21, finally reaching adult levels (Figure 12D, black bar). This 
significant increase was matched by an increase in the density of 
large boutons (1.0–1.8 μm, gray bar). There was however a sig-
nificant early increase in small boutons (0.2–0.7 μm, white bar) 
from P7 to P14. As animals were getting older, the density of small 
boutons showed a tendency to decrease along with the total bouton 
density (Figure 12D).
discussion
In this study we quantitatively analyzed the morphological develop-
ment of TTL5 cells from the rat somatosensory cortex across five 
ages: postnatal day (P) 7, 14, 21, 36, and 60. This study confirms 
three important developmental periods, as previous studies have 
reported (Eayrs and Goodhead, 1959; Wise et al., 1979; Nicolai, 
1981; Petit et al., 1988; Zhu, 2000). Furthermore, a quantitative 
morphometric view of key alterations over all compartments is 
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shape and a quick growth of dendritic and axonal arborizations 
both in length and thickness. Most measurements of a TTL5 cell 
reach adult levels by P14. This period is also characterized by the 
pruning of filopodia-like segments along the apical dendrite. The 
neocortical thickness is close to the adult level as well. The second 
provided for this specific neuronal type. By P7, the general struc-
tural frame of a TTL5 neuron is already well differentiated while 
remaining small in physical size. The first period from P7 to P14 is 
characterized by a fast growth in almost all compartments, includ-
ing a maturation of somata toward the characteristic triangular 
Figure 11 | Developmental changes in spine density. (A) Pictures illustrating 
the spine density on different neural parts from each age examined. (B) Spine 
density on different neural compartments. No correction was made for spines 
obscured by dendritic shafts. Spine density significantly increased between P14 
and P21 on all compartments (except the tuft on which a tendency of increasing 
was visible; on basal dendrites, oblique dendrites, apical tufts, apical trunks, 
respectively: P7: n = 8, 8, 8, 6 μm; P14: n = 9, 7, 7, 7; P21: n = 13, 15, 15, 14; P36: 
n = 12, 11, 13, 10; P60: n = 12, 11, 9, 2). (C) Spine density on basal dendritic 
segments versus branching order [same cells as in (B)]. At P7 and P14, spine 
density was relatively uniform on different orders except on the first order 
where the spine density was significantly reduced. From P14 to P21, the spine 
density significantly increased unevenly on different branch orders with a peak at 
the fourth order. Afterward, no significant changes were tested. (D) Spine 
density on oblique dendritic segments versus branching order at different ages 
[same cells as in (B)]. At P7 and P14, spine density was also relatively uniform 
on different orders with a significant increase on the second and third orders 
from P7 to P14. At older ages starting from P21, spine density further increased 
unevenly on different orders with a peak at the middle (second or third) orders. 
The significant increases were at the first and second orders from P14 to P21 
and at the third and fourth orders from P21 to P60.
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boutons. The third period from P21 to P60 is mainly character-
ized by an increase in the number of localized basal dendritic seg-
ments and either lengthening or thickening of particular segments 
period from P14 to P21 is characterized by a slower growth, either 
in length or in thickness, of localized segments of each compart-
ment, and by an increase in densities of dendritic spines and axonal 
Figure 12 | Developmental changes in axon and bouton density. 
(A) Representative reconstructions of TTL5 from each age examined (dendrites 
in red and axons in blue). Ages are indicated to the left, and neuron groups are 
separated by a dotted gray line. (B) Reconstruction of a typical P14 axon and its 
soma. Radial distance (i.e., ∆r1, ∆r2) was illustrated between the soma and an 
emerging collateral (Right). Bouton density on a collateral and small  
(s, ∼0.2–0.7 μm) and big (b, ∼1.0–1.8 μm) boutons were represented (Left 
insets). (C) Radial distances from soma to the first five collateral stems (P7: 
n = 8, P14: n = 15, P21: n = 12, P36: n = 9, P60: n = 4). A significant increase in 
the radial distance was tested from P7 to P14 to all the collateral stems, but a 
further increase from P21 to P36 was significant only to the most distal fifth 
collateral stem. (D) Bouton density on the whole axon (total number of boutons/
total axon length) for small, big, and total boutons (P7: n = 8, P14: n = 13, P21: 
n = 6, P36: n = 3, P60: n = 3). A significant increase was shown from P7 to P14 
in the density of small boutons, and from P14 to P21 in the density of large 
boutons and the density of total boutons.
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P7 and P14 might reflect the expression of proteins necessary 
for the fast growth of all dendritic and axonal compartments 
and for the trimming of filopodia or/and the transformation 
in active spines, as well as the formation of ion channels (as 
action potentials become shorter, more regular, and have higher 
amplitudes (Franceschetti et al., 1998; data not shown). Between 
P14 and P21, the additional growth of soma might be relevant 
to the synthesis of proteins necessary for synapse formation on 
the whole neuron according to an increase in dendritic spine and 
axonal bouton densities. However, as only the soma height (and 
not soma width) increased and the apical tuft further lengthened 
at this stage, the soma growth might also relate to increased 
neuroplasmic flow (molecular trafficking) toward the apical den-
drite. After P21, the change in soma size was not significant and 
even the height of the soma tended to decrease. These observa-
tions seem to correlate with the slower and more localized subtle 
changes, even retractions, in dendritic and axonal morphologies 
at the later stages.
diFFerential developmental changes in multiple 
compartments oF a pyramidal cell
Differential changes in individual structures of pyramidal neurons 
supports the notion of multiple functional compartments that 
receive different inputs from the same and neighboring cortical 
columns as well as long-range afferents (DeFelipe and Farinas, 
1992; Nieuwenhuys, 1994; Binzegger et al., 2004; Douglas and 
Martin, 2004; Bannister, 2005; Spruston, 2008; Petreanu et al., 
2009). Pyramidal neurons have been functionally separated into 
two compartments: the tuft region and the rest of the neuron 
(Spencer and Kandel, 1968; Pinsky and Rinzel, 1994; Yuste et al., 
1994; Mainen and Sejnowski, 1996). More recently, regions such 
as the proximal apical dendrite or the basal dendrites have also 
been assigned as distinct compartments with their own prop-
erties (Schiller et al., 2000; Larkum et al., 2001; Nevian et al., 
2007). Our study shows that all compartments undergo different 
developmental changes suggesting that there may be at least six 
separate functional compartments for TTL5 neurons, including 
soma, basal dendrite, apical trunk, oblique dendrite, tuft dendrite, 
and axon.
The growth and branching pattern of different compartments 
of cortical pyramidal cells are differentially influenced by molecu-
lar cues (McAllister et al., 1995; Aizawa et al., 2004; see review 
McFarlane, 2000). This indicates the existence of compartment-
specific signal transduction systems. For instance, apical dendrites 
and axons respond to a gradient of the diffusible signal sema-
phorin 3A (Sema 3A), which sends the former toward and the 
latter away from the cortical plate (Polleux et al., 1998, 2000). 
This is due to an asymmetrical localization of cyclic nucleotide-
dependent mechanism to the developing apical dendrite and 
axon. McAllister et al. (1995) also showed that basal and apical 
dendrites responded independently of one another to different 
neurotrophins in cortical-slice cultures. Neurotrophins and their 
receptors are also expressed differentially in various cortical layers. 
Furthermore, separate regions (proximal and distal) of a dendritic 
arbor have distinct regulations in response to an extrinsic cue as 
shown in a study using gene transfection in layer VI pyramidal 
cells (Yacoubian and Lo, 2000). All these lines of evidence suggest 
of basal and oblique dendrites. All three periods are associated 
with the continual increase in hemisphere weight, the continual 
expansion of rostro-caudal length, and the increase in thickness 
of the corpus callosum.
Thus, our findings present a detailed and high-quality whole 
picture of the TTL5 neuron type, and are also consistent with 
numerous Golgi studies (Eayrs and Goodhead, 1959; Wise et al., 
1979; Miller, 1981; Miller and Peters, 1981; Nicolai, 1981; Petit 
et al., 1988; Munoz-Cueto et al., 1991; Koenderink and Uylings, 
1995), biocytin/fluorescent dye studies (Kasper et al., 1994a,b; 
Franceschetti et al., 1998; Zhu, 2000; Zhang, 2004; Larsen and 
Callaway, 2006), and in vivo time-lapse imaging studies at differ-
ent ages (Wu et al., 1999; Butz et al., 2009; Holtmaat and Svoboda, 
2009). Specifically, the structural plasticity observed in young adults 
during the third period may exist through adulthood in accordance 
with lifelong learning and memory (Butz et al., 2009; Holtmaat 
and Svoboda, 2009).
two modes oF developmental changes
A previous study on the temporal cortex has reported two modes 
of changes in layer V pyramidal cells after birth: “morphokinesis 
as a reaction to planned crises” and “morphokinesis as a reaction 
to environmental influences” (Nicolai, 1981). The former hap-
pens within the first 2 weeks after birth, which possibly reflects 
intrinsic growth programs for the initiation of brain functions. 
The latter happens afterward during the critical period of primary 
socialization or experience-related learning (Scott et al., 1974). In 
agreement with this study, our study also indicates two modes of 
morphological changes of TTL5 cells in the somatosensory cortex. 
At the early stage from P7 to P14, overall compartments grow at a 
fast rate in both height and width of somata and both length and 
thickness of dendritic and axonal arborizations. At the later stages, 
the pattern of growth is completely changed. The growth takes place 
much slower only on particular segments within a compartment, 
which is limited to either lengthening (mostly on terminals) or 
thickening (mostly on intermediates), though both rarely occur 
together. The increase in basal segments from P21 to P60 could 
belong to the category of lengthening change. Lengthening, espe-
cially at terminals may represent a process to reach new targets 
forming synapses. Thickening may represent a process to increase 
the surface available for contacts, predominantly strengthening, and 
consolidating synapses. It may also reflect the increase in molecu-
lar traffic flux through intermediate branches for the extension of 
dendritic terminals.
soma development
The number of cells that will be present in the adult neocortex 
is given before birth. Neuronal somata grow rapidly after birth. 
This change is correlated with the gross anatomical changes of the 
neocortex (Vincze et al., 2008). Increases in soma size of a TTL5 
cell are significant between both periods P7–P14 and P14–P21. 
It reaches a peak by P21, likely reflecting the increase in gene 
expression level. Miller and Peters (1981) found an equivalent 
growth in nuclear volume in the rat visual cortex as the size of 
cell body increases during the first three postnatal weeks, and 
the change in nucleus size is expected to be related to the change 
in gene expression level. Hence the growth of somata between 
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 farther from the soma (>140 μm) decreases the coupling, while 
adding them closer to the soma has the inverse effect. After P14, 
regenerative dendritic potentials initiate partly in the tuft and partly 
in the axon, representing electrotonic isolation of the dendritic 
tuft from the soma (Franceschetti et al., 1998; Zhu, 2000). Our 
results show that single distal oblique branches might be signifi-
cantly lengthened during P21–P60. This suggests that the signal 
coupling would be decreased along apical dendrites, thus constitut-
ing the anatomical basis for the enhanced electrotonic isolation of 
the dendritic tuft from the soma at older ages.
synaptology during development
Afferent fibers (thalamocortical axons) as well as commissural fib-
ers invade all layers of the primary sensory cortex a few days after 
birth and, like the general structural frame of a TTL5 cell, display a 
mature arrangement by the end of the first week (Wise and Jones, 
1976; Lund and Mustari, 1977; Nicolelis et al., 1991; see review of 
Lopez-Bendito and Molnar, 2003). The invasion of afferent fib-
ers into the neocortex may drive the initial burst in growth of 
filopodia-like segments to “capture” en passant axons (Yuste and 
Bonhoeffer, 2004; see review of Cline, 2001; Konur and Yuste, 2004). 
Once captured, these filopodia-like segments may retract and con-
solidate to spines, accounting for their disappearances during this 
transient period (Portera-Cailliau et al., 2003; Oray et al., 2006). 
We also found an increase of small boutons by P14 suggesting that 
the retraction of the filopodia-like segments may coincide with the 
formation of early synapses.
 The largest increase in spine number and bouton density to 
nearly adult values happens between P14 and P21. An interesting 
finding, however, which was also previously reported (Larkman, 
1991a; DeFelipe and Jones, 1992; Amitai et al., 1993; Gao and Zheng, 
2004), is that the increase in spine density seems to be mostly due 
to the addition on mid-range dendritic segments. Thus, a spe-
cific component of the circuitry further develops around these 
mid-range dendrites, while most of the synaptic circuitry seems 
to have formed by P14. Afferents received by the mid-range den-
dritic branches might be ipsilateral corticocortical projections, 
which have been shown to establish an adult pattern of lamination 
between P7 and P21 (Nicolelis et al., 1991). However, this has not yet 
been demonstrated and so the functional significance is not clear. 
Moreover, the density of boutons (mostly due to large boutons) 
also peaks at the same period, further reflecting the maturation of 
synaptic circuitry. It has been previously reported that the spine 
head and the axon terminal are frequently similar in size (Peters 
et al., 1991). Later studies found a correlation between the size of 
active zones and the number of docked vesicles (Schikorski and 
Stevens, 1997), which might be proportional to the release prob-
ability and the synaptic strength (Murthy et al., 2001). Therefore, 
the increase of large boutons indicates a high number of strong syn-
apses by P21. Subsequently, the number of small boutons slightly 
decreases suggesting elimination of overproduced weak output 
connections and thus further consolidation of the functional syn-
aptic microcircuitry.
Synapse formation can direct the arborization of neurites (Niell 
et al., 2004; Cline and Haas, 2008). It is therefore not surprising 
that both (postsynaptic) dendrites and (presynaptic) axons follow 
similar rules during development. For instance, alterations happen 
that developmental changes would be localized to specific neuronal 
arborizations. Indeed, our results show that the developmental 
changes are restricted to particular segments rather than to a whole 
compartment after a fast-growing period following birth. This is 
also consistent with many in vivo time-lapse imaging studies (Butz 
et al., 2009; Holtmaat and Svoboda, 2009). In addition to extrinsic 
cues such as neurotrophins, differential developmental changes in 
localized multiple compartments of a neuron may also depend 
on other factors, including different electrical inputs, neurons’ 
own distinct electrical properties, and molecular compositions 
(such as ion channels, receptors, and signal transduction systems; 
Freund, 2002; Lorincz et al., 2002; Nicolelis et al., 2003; Yuan and 
Chen, 2006; Acsady and Kali, 2007; Inan and Crair, 2007). The 
current study further supports the notion of multiple functional 
compartments in the developmental morphology of a specific 
neuron type.
implications oF localized changes on dendrites
As shown in several species, such as rat and human, and in different 
pyramidal cell types, dendritic terminal segments are longer (and 
thinner) than intermediate segments (Petit et al., 1988; Larkman, 
1991b,c; Koenderink and Uylings, 1995). Such longer terminal seg-
ments appear relatively characteristic for the basal and oblique 
dendrites (Uylings et al., 1986; Larkman, 1991b,c). Terminal seg-
ments of tuft dendrites, although not longer, are of similar length to 
intermediates. Our study suggests that intermediate segments of all 
basal, oblique, and tuft dendrites rapidly consolidate, possibly with 
thick and rigid microtubule fibers upon reaching a certain length 
at the early stage from P7 to P14. Meanwhile, terminal segments 
likely composed of thin dynamic actin filaments would continue 
lengthening until contacting dendritic processes of adjacent neu-
rons. The contacts may trigger signals such as Notch-ligand sign-
aling, resulting in a rebalance by shortening some long dendrites 
while extending other short neurites (Sestan et al., 1999). Indeed, we 
have observed the rebalance phenomenon between basal dendritic 
terminals and between oblique dendritic terminals and intermedi-
ates during the period from P21 to P60. During the same period, 
new terminal segments even add to some pre-existing terminals, 
and hence the pre-existing terminals become higher-order inter-
mediate segments.
In particular, we found that oblique dendritic trees originate 
and branch at all ages within 30% of the maximal reach of the 
apical dendrite (∼330 μm in adulthood), and their average thick-
ness appears to increase during the whole studied period; Obliques 
closer to soma seemed longer and more complex than the further 
ones. The establishment of such an oblique pattern already presents 
at P7, and is likely an essential condition for the functioning of the 
TTL5 neuron type. Proximal dendrites usually receive excitatory 
inputs from local sources (i.e., collaterals in the same area or from 
an adjacent area) whereas the distal apical tuft receives inputs from 
more distant cortical and thalamic locations. Schaefer et al. (2003) 
showed that the position of oblique trees along apical dendrite can 
influence the degree of coupling between the back-propagation 
axosomatic action potentials (bAPs) and the apical dendritic cal-
cium action potentials (Ca2+-APs). The coupling here refers to the 
reduction of the threshold to initiate an apical dendritic Ca2+-AP 
due to a coincident bAP. Increasing the number of oblique trees 
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conclusion
Quantitative analysis of the morphology of TTL5 neurons in the rat 
somatosensory cortex has revealed three important developmental 
periods starting from P7 to young adulthood (P60) based on grow-
ing rates and changes in morphological properties of different neu-
ronal compartments. Two modes of developmental morphological 
changes were observed over these stages. The first period from P7 to 
P14 is characterized by a fast growth in almost all compartments. 
In the second (P14 to P21) and third (P21 to P60) periods, the 
growth takes place at a much lower rate and only on particular 
segments, which is limited to either lengthening (mostly on ter-
minals) or thickening (mostly on intermediates). Lengthening at 
dendritic terminals could be a process to reach new targets form-
ing synapses. Thickening could be a process to increase contact 
surface for strengthening and consolidating pre-existing synapses 
and/or to increase the molecular traffic flux through these den-
dritic branches. In addition, densities of dendritic spines and axonal 
boutons markedly increase during the second period. The number 
of particular basal dendritic segments increases during the third 
period. Sometimes, the growth of some segments is accompanied 
by the retraction of other segments. All compartments virtually 
undergo different developmental changes, which are restricted to 
particular segments rather than to a whole compartment at these 
later periods. Finally, different dendritic compartments form differ-
ent branching patterns. The development of axons appears to share 
the major principles for dendrites during different periods.
Our study therefore supports the notion of multiple functional 
compartments in the aspect of developmental morphology of a 
specific neocortical neuron type. The quantification of the TTL5 
neuron provides new insight into the potential value of its morphol-
ogy for information processing and also provides the fundamental 
reference for interpreting morphological alterations under vari-
ous conditions. Furthermore, the detailed changes during devel-
opment can be used to morph neuron models from one age to 
another. Together with a more generic developmental algorithm 
that also applies to other types of neurons, this study will be the 
foundation for building and simulating models of the neocortical 
microcircuitry at any age. Such a study will therefore be essential 
for the biologically realistic simulation of the mammalian brain 
(Markram, 2006).
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more frequently and dynamically in terminal/distal segments of 
both dendritic and axonal structures; Retraction and elongation/
sprouting or appearance and disappearance often simultaneously 
occur to arbor structures or to spines and boutons. In this way, the 
corresponding total measurements remain constant, which may be 
necessary for a synaptic homeostasis as some activity-dependent 
alterations have to be made in neuronal microcircuitry (Petit et al., 
1988; Butz et al., 2009; Holtmaat and Svoboda, 2009).
methodological considerations
When interpreting our data, we must keep in mind that meth-
odological limitations may have affected some absolute values 
in this study. Both dendritic and axonal structures were partially 
trimmed off due to the slicing procedure of brain sections, which 
leads to the underestimation of some measurements such as total 
length. However, increasing section thickness will make patch-
clamp recording and biocytin-labeling of neurons difficult, and 
also make identifying and tracing dendritic and axonal structures at 
deep focusing levels much harder. Another difficulty resulted from 
the faint staining of cells from older brains. Neuronal structures, 
especially axonal collaterals in most slices from P36 to P60 rats, were 
not clearly visible at deep focusing levels under the light micros-
copy. Therefore, some relevant measurements, such as axonal length 
and segment analyses, could not be performed accurately for those 
cells at P36 and P60. Despite these methodological limitations, the 
maximal extending measurements of a neuron were not affected 
and most dendritic trees were intact, which ensures the accuracy of 
quantitative analysis and comparison of developmental alterations 
of arbor structures, especially dendrites.
At younger ages when dendrites are narrow and spines are not 
dense, if not all, most of the spines are visible. Hence, the counting 
is close to the absolute number of spines. At older ages, as dendrites 
get thicker, a proportion of spines are obscured by opaque stained 
thick dendrites. Therefore, the spine density can be underestimated 
(also see Feldman and Peters, 1979). However, the thickness of most 
dendritic segments remains unchanged after P14, with the excep-
tion of some particular branch orders. As a result, the underestima-
tion of spine density at older ages might not be significant.
Variations in results across different studies can be due to many 
methodological factors such as differences in the staining proce-
dure, the section thickness, the measuring and analyzing method, 
the cell selection criterion, the sample size, and the cortical area. 
These variations make it difficult to directly compare results 
between different studies. Thus, we prefer to compare the current 
study with developmental patterns of changes instead of absolute 
values found in previous studies.
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appendix
Figure A1 | The development in general structural frame of TTL5 neurons. 
(A) Representative 3-D model neurons reconstructed from biocytin-labeled 
neurons at all ages examined (the same figures as in Figure 4A; dendrites in 
red, axons in blue). In general, the structures of these TTL5 neurons look similar 
except the P7 one that was smaller and had many filopodia on its apical 
dendrite. Note the axon of the P60 neuron is incomplete due to faint staining. 
Scale bar, 200 μm. (B,C1,C2) At all ages examined, no significant changes were 
tested in the number of dendritic stems and the dendritic branch angles that 
include planer branch angle (PBA) and local spline branch angle (LSBA). 
(D,e1,e2) At all ages examined, no significant changes were tested in the 
number of collateral stems (emerged from main axon) and in the axonal PBA 
and LSBA.
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Figure A2 | The development in general morphological frame of apical 
dendritic trees of TTL5 neurons. (A) Representative reconstructions of 
apical dendrites from each age examined (the same pictures as in 
Figure 7A). Scale bar, 100 μm. (B) Sholl-like analysis on intersection 
numbers within serial spheres of 10 μm-stepped radii centered to the start of 
an apical dendrite (P7: n = 8, P14: n = 12, P21: n = 15, P36: n = 10, P60: 
n = 9). The radii of concentric spheres were normalized to the maximal reach 
length of each apical dendrite. Note the similar general profiles at all ages. At 
P7, the higher number of intersections in the middle of apical dendrite (black 
arrows), is most likely due to filopodia-like branches. (C) The average 
diameter of apical trunk at different branch orders was constant during the 
studied period.
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Figure A3 | Partial results of segment analysis of tuft dendrites of TTL5 
neurons. (A) Average segment diameter versus branch order. The curves at 
different ages have the same shape and largely overlap each other. (B1–B2) 
Average segment length of intermediate and terminal segments versus branch 
order. There were no significant changes in both intermediates and terminals. 
However, the variation at each plot is large. Note at P7 due to filopodia-like 
segments, the branch orders were markedly higher than those at older ages, 
resulting in overall shorter average segment lengths (referring to Figure 7A).
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Table A1 | Statistical results from quantitative morphological analyses of hemisphere and TTL5 cellular compartments.
 P7 P14 P21 P36 P60 Source figure 
groSS ANAToMy
Hemisphere weight   + × # Figure 2D 
Rostro-caudal length (∆x1)  *** ++ ××× ### Figure 2E 
Neocortical-callosal thickness (∆y2)  *** +++ × ^^^ Figure 2F 
Neocortical thickness (∆y1)  ***    Figure 2F 
#Changed parameters (#changed/41    30 (73%) 13 (32%)   5 (12%)   0.121951 
observed from dendrites, %)
NeuroNAL FrAMe        
Dendritic stem number      Figure A1 
Dendritic planner angle      Figure A1 
Dendritic spline angle      Figure A1 
Ratio of apical compartments      Figure A2 
Apical trunk diameter vs. branch order      Figure A2 
Diversity in apical trunk length      Figure 7D 
Diversity in tuft dendrite shape      Figures 10A,B 
Axonal collateral number      Figure A1 
Axonal planner angle      Figure A1 
Axonal spline angle      Figure A1 
SoMA        
Surface area  *** ++   Figure 3B 
Height  *** ++   Figure 3C 
Width  ***    Figure 3C 
BASAL DeNDriTe        
Length  ***   ## Figure 4B1 
Max. radial reach  *** +   Figure 5B 
Max. path length  *** +   Figure 5B 
Distance of max. intersection number  ***    Figure 5D 
Total intersection number  ***    Figure 5E 
Segment number     ^ Figures 4B2 and 6F 
Basal intermediate
 Average segment length  ***    Figure 6B 
 Average segment diameter  * ++   Figure 6D 
Basal terminal
 Average segment length  *** +++  # Figures 6B,C2 
 Average segment diameter  ***    Figure 6D 
APiCAL DeNDriTe        
Filopodia  * (eliminated)    Figures 7A,B 
Length  **    Figure 4B1 
Max. reach length  ***    Figure 7C 
Segment number  * (reduced)    Figure 4B2 
oblique dendrite
 Length  **    Figure 8B 
 Max. path length  ***    Figure 8C 
 Segment number  * (reduced)    Figure 8D 
 Stem number  **    Figures 8E and Figure 9F 
oblique intermediate
 Average segment length  ***    Figure 9B 
 Average segment diameter  * +   Figure 9D 
oblique terminal
 Average segment length  ***   ^ Figure 9B 
 Average segment diameter  *** +  ^ Figure 9D 
(Continued)
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Table A1 | Continued
 P7 P14 P21 P36 P60 Source figure 
Tuft dendrite
 Length  * +   Figure 10E 
 Radial length  **    Figure 10D 
 Lateral length  ** +   Figure 10D 
 Segment number      Figure 10C 
Tuft intermediate
 Average segment length  ***    Figure 10F 
 Average segment diameter   +   Figure 10G 
Tuft terminal
 Average segment length  ** +   Figure 10F 
 Average segment diameter  *    Figure 10G 
Spine
 Density   +   Figure 11B 
AxoN        
Length  **   n/a Figure 4C1  
Segment number  *   n/a Figure 4C2 
Bouton
 Total bouton density   +   Figure 12D 
 Small bouton density  *    Figure 12D 
 Big bouton density     +     Figure 12D 
Statistic symbol: *, between P7 and P14; +, P14 and P21; ×, P21 and P36; #, P36 and P60; ^, P21 and P60.
Statistic significance: *, **, *** respectively denot “0.01 < P < 0.05”, “0.01 < P < 0.001”, “P < 0.001”; The same format denotes for other symbols +, ×, #, ^.
All symbols represent a significant change of increase except those specially notified.
Table A2 | A summary of changes of dendritic arbors during the three developmental periods.
 P7–P14 P14–P21 P21–P60
 Basal oblique Tuft Basal oblique Tuft Basal oblique Tuft
Length *** ** *   + ##  
Max. radial reach/radial/lateral/ *** *** ** +  +    
path length
Segment number  * (reduced)     ^  
iNTerMeDiATe
Average segment length (1st–3rd)* (1st, 2nd)* ***      
Average segment diameter (2nd–3rd)** (1st, 3rd)* ** (1st–3rd) ++ (2nd) + +   
Segment increase       (4th, 5th)^  
TerMiNAL
Average segment length (2nd–6th)** (1st–3rd)** ** (3rd, 4th)+  + (4th)# (1st)^ 
Average segment diameter (2nd–6th)* (1st–4th)* *  (2nd) +   (3rd)^ 
Segment increase       (6th)^^   
Statistic symbol: *, between P7 and P14; +, P14 and P21; ×, P21 and P36; #, P36 and P60; ^, P21 and P60.
Statistic significance: *, **, *** respectively denote “0.01 < P < 0.05”, “0.01 < P < 0.001”, “P < 0.001”; The same format denots for symbols +, #, ^. 
The lowest unmber of symbols were shown for multiple orders.
All symbols represent a significant increase except those specially notified.
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